BACKGROUND: Study compliance is crucial when the study outcome is determined by an invasive procedure, such as prostate biopsy. To investigate predictors of compliance in study-mandated prostate biopsies, we analyzed demographic, clinical and reported lifestyle data from the REDUCE trial. METHODS: We retrospectively identified 8025 men from REDUCE with at least 2 years of follow-up, and used multivariable logistic regression to test the association between baseline demographic and clinical characteristics and undergoing the study-mandated prostate biopsy at 2 years. We then examined whether missing any of these data was associated with undergoing a biopsy. RESULTS: In REDUCE, 22% of men did not undergo a 2-year biopsy. On multivariable analysis, the non-North American region was predictive of 42-44% increased likelihood of undergoing a 2-year biopsy (P ⩽ 0.001). Being enrolled at a center that enrolled 410 subjects (2nd and 3rd tertile) was associated with a 42-48% increased likelihood of undergoing a 2-year biopsy (P o0.001). In addition, black race predicted 44% lower rate of on-study 2-year biopsy (odds ratio (OR) = 0.56; P = 0.001). Finally, missing one or more baseline variables was associated with a 32% decreased likelihood of undergoing a 2-year biopsy (OR = 0.68; P o 0.001). CONCLUSIONS: In REDUCE, men outside North America, those at higher volume centers and those with complete baseline data were more likely to undergo study-mandated 2-year biopsies. Given prostate biopsy is becoming increasingly utilized as an endpoint in trials that are often multi-national, regional differences in compliance should be considered when designing future trials. Likewise, efforts are needed to ensure compliance in low-volume centers or among subjects missing baseline data.
INTRODUCTION
Study adherence in trials is crucial for proper interpretation. However, only 43-78% of subjects comply with study requirements. 1 Poor adherence with the intervention can reduce the efficacy of the intervention. To overcome this, many trials have considered interventions to increase compliance with on-study medical therapy. 2 However, drug adherence is inherently different from compliance with a study-mandated invasive procedure such as prostate biopsy. The relevance is that when the study outcome is dependent on invasive procedures such as cancer prevention studies wherein the outcome is measured by a biopsy, poor compliance with the study-mandated biopsy leads to noninterpretable data, reducing study power.
Recently, several studies examined factors influencing compliance to procedural interventions, such as prostate biopsies. [3] [4] [5] [6] As prostate cancer screening and active surveillance are being actively studied, [7] [8] [9] [10] [11] on-study prostate biopsies are an increasingly necessary study endpoint. Thus, it is crucial to understand factors that may influence procedure compliance when designing future studies requiring prostate biopsies, because if patients are noncompliant, results are non-interpretable.
To date, only one study examined prostate biopsy compliance in men in a randomized trial. In the Prostate Cancer Prevention Trial (PCPT), subjects were assessed for prostate cancer after 7 years by a study-mandated prostate biopsy. Factors predictive of biopsy compliance included compliance with on-study medical therapy a year prior, age o 70 and never smoking. 5 However, this study examined factors at year-6 predicting compliance with the year-7 procedure, rather than baseline characteristics. In addition, this trial was performed only in the US and did not include men from other geographic regions. Regional differences in study compliance are important considerations given many phase 3 trials recruit subjects from multiple geographic locations.
To investigate predictors of compliance with study-mandated procedures in a clinical trial for prostate cancer risk, we analyzed baseline demographic, clinical and self-reported lifestyle data from REDUCE. REDUCE was a multi-national trial in which all men were screened for cancer and only enrolled if a baseline prostate biopsy was negative for prostate cancer. Men were then required to undergo study-mandated biopsies at 2 and 4 years after enrollment. We hypothesized that certain baseline factors would influence compliance with the study-mandated 2-year prostate biopsy. In secondary analysis, we explored whether missing any key data elements at baseline would predict not undergoing the 2-year biopsy.
MATERIALS AND METHODS

Study population
The REDUCE trial study design has been previously described. 12 Briefly, 8122 men at risk of prostate cancer were randomized to dutasteride (0.5 mg per day; n = 4049) or placebo (n = 4073). Eligible men had a PSA of 2.5-10 ng ml − 1 if aged 50-59 years or 3.0-10 ng ml − 1 if aged 60-75 years. All men had a negative baseline biopsy within 6 months before enrollment. Subjects received PSA tests every 6 months and 10-core transrectal ultrasound-guided prostate biopsies at 2 and 4 years, regardless of PSA. Unscheduled biopsies were performed if clinically indicated and replaced protocol-mandated biopsies if performed during months 19-24 or 43-49.
At baseline, detailed medical histories were obtained including smoking history, alcohol use, medication use and medical comorbidities. Height and weight were measured and body mass index (kg/m 2 ) was calculated. Race was self-reported. Digital rectal examination findings and transrectal ultrasound prostate volume were reported from the pre-study biopsy.
We excluded 97 subjects who were diagnosed with prostate cancer at least 6 months prior to the 2-year biopsy leaving 8025 men available for primary analysis. We grouped subjects on the basis of whether or not they had the 2-year biopsy. Men who were missing any baseline data were still included in primary analysis as we sought to address whether missing data influenced undergoing a 2-year biopsy. However, on secondary analysis, we excluded 691 men who were missing ⩾ 1 data field.
Statistical analysis
Our primary outcome was undergoing a 2-year biopsy. As we sought to identify the pre-trial/baseline data that predict increased study-mandated biopsy compliance, only data obtained at baseline were used for analysis. To test whether missing data fields predicted undergoing the 2-year biopsy, all variables were categorized with missing as a separate category. For variables with well-established cutoffs (age, body mass index, International Prostate Symptom Score (IPSS)), we used those cut-points. For variables without clearly defined cut-points, we grouped subjects into tertiles for continuous variables (center volume, prostate volume and PSA), used convenience cut-points for ordinal variables (number of medications) or cut-points previously used in REDUCE (alcohol use). 13 Although many PSA cut-points exist, there are no universally used cut-points within the study inclusion criterion of PSA 2.5-10 ng ml − 1 and thus tertiles were used. Characteristics of subjects who underwent a 2-year biopsy vs those who did not were compared using chi-squared test. Odds ratios (ORs) and 95% confidence intervals for the association between baseline demographic and clinical characteristics vs undergoing 2-year biopsy (underwent vs did not) were estimated using logistic regression. We performed a locally weighted scatterplot smoothing (LOWESS) regression to visually demonstrate the relationship between center volume and likelihood of undergoing the 2-year biopsy.
We used logistic regression to test the association between missing any baseline demographic or clinical characteristic and undergoing a 2-year biopsy (underwent vs did not). There were insufficient men missing 41 baseline variables (n = 31) to test the association between number of missing variables and undergoing a 2-year biopsy. This analysis includes only univariable calculations, as it is not possible to adjust for other data (that is, multivariable regression) when patients are missing the data fields to be adjusted for.
Finally, to determine whether treatment arm assignment influenced the results of our analysis, we performed a subsequent analysis including a variable for treatment arm (placebo vs dutasteride).
All statistical analyses were performed using Stata 13.1 (StataCorp, College Station, TX, USA). Nominal statistical significance was defined as Po0.05. However, owing to multiple comparisons, we also performed a Bonferroni correction defining statistical significance as P o0.05/number of comparisons (Table 1: 18 comparisons, Po 0.003; Table 2 : 38 comparisons, P o0.0013; 
RESULTS
Of the 8025 men analyzed, 1733 men (22%) did not undergo a 2-year on-study biopsy. Baseline characteristics of men who did and did not undergo the 2-year biopsy are summarized in Table 1 . After Bonferroni correction, men who underwent a 2-year biopsy were less likely to be black (P o 0.001), were more likely to be nonNorth American (Po 0.001), seen at higher volume centers (P o 0.001) and more likely to have an IPSS o 20 (P = 0.002). Supplementary Table 1 reflects the individual countries represented by 'other' in our analysis. In addition, missing data for alcohol intake (P o0.001), IPSS (P = 0.002) and prostate volume (P = 0.001) was associated with lower rates of 2-year biopsy. Although missing PSA data were nominally associated with not undergoing the 2-year biopsy, the association lost significance after Bonferroni adjustment. Table 2 summarizes the association between baseline demographic and clinical characteristics and undergoing an on-study 2-year biopsy. On multivariable analysis, while black race predicted 44% lower rate of on-study 2-year biopsy (OR = 0.56; P = 0.001), non-North American region was significantly predictive of 42-44% increased likelihood of undergoing a 2-year biopsy (OR = 1.42; P o0.001; OR = 1.44; P = 0.001 for Europe and Other, respectively). Center volume 410 subjects was significantly predictive of 42-48% increased likelihood of undergoing a 2-year biopsy (OR = 1.48; P o 0.001; OR = 1.42; Po 0.001 for 11-25 and 425 subjects, respectively). The association between center volume as a continuous variable and undergoing the 2-year prostate biopsy is shown in Figure 1 . High IPSS (⩾20) was associated with a 37% decreased likelihood of undergoing a 2-year biopsy (OR = 0.63, P o 0.001).
Although missing data were generally associated with lower likelihood of undergoing a 2-year biopsy regardless of the data field missing, after Bonferroni correction, this only reached nominal significance for missing prostate volume (OR = 0.52; P = 0.002). Similarly, taking 1-10 medications relative to no medications was associated with a 33-43% increased likelihood of biopsy regardless of the number of medications taken (all P ⩽ 0.005), though after Bonferroni adjustment, this only reached significance in subjects taking 1-5 medications (OR = 1.33, P o0.001).
Although current smoking status was associated with not undergoing a 2-year biopsy, and reported moderate alcohol use and family history of prostate cancer were associated with increased likelihood of undergoing the 2-year biopsy (all P ⩽ 0.017), the effects of these predictors were modest and not statistically significant after Bonferroni corrections were applied.
Though the number of men missing data was small, missing data for any one of several variables (that is, PSA, prostate volume, digital rectal examination, IPSS, alcohol use and family history of breast cancer) all were associated with a trend toward decreased likelihood of undergoing a 2-year biopsy. To better test whether missing any data was associated with undergoing the 2-year biopsy, we created a composite variable to categorize subjects as missing no data (n = 7387; 92%) or missing any variable (n = 638, 8%). When this was carried out (Table 3) , missing any data was associated with a 32% decreased likelihood of undergoing a 2-year biopsy (OR = 0.68; P o 0.001).
Finally, treatment arm (placebo vs dutasteride) was not a significant predictor of undergoing a 2-year biopsy and its inclusion in the multivariable model did not change the results of the other risk factors (data not shown).
DISCUSSION
Compliance in clinical trials is imperative for accurate assessment of study outcomes, especially in studies where endpoints require data from invasive procedures. To assess whether baseline subject characteristics and demographic factors predict future compliance with a study-mandated invasive procedure, we examined baseline predictors of undergoing a 2-year study-mandated prostate biopsy in REDUCE. We found that 22% did not undergo the 2-year on-study biopsy. Those who did not undergo the 2-year biopsy were more likely to be North American, enrolled at lowvolume sites or have missing baseline data. If validated in other studies, these findings suggest that, in a multi-national trial, region may affect compliance with study-mandated invasive procedures such as prostate biopsy. In addition, enrollment at low-volume centers or missing baseline data, whether due to failed subject report or collection error, may be associated with decreased compliance.
The only other study examining compliance with studymandated prostate biopsy in a clinical trial is from PCPT where among men with 6-year data, 37% did not undergo the year-7 end-of-study biopsy. 5 However, this number does not include the additional 8% who were lost to follow-up or died prior to year-6. Together with our data, non-compliance with study-mandated prostate biopsy may range from 22 to 45%.
In PCPT, study drug (finasteride) adherence at year-6 was associated with 84% compliance with year-7 biopsy vs 47% for those who were non-adherent to the study drug at year-6 (P o 0.0001). 5 We did not examine on-study medication adherence predicting biopsy compliance because we sought to test only baseline factors predicting the 2-year biopsy. However, we did find that biopsy compliance was similar in dutasteride vs placebo arms. Of note, the withdrawal rate due to adverse events, although higher in the dutasteride arm, was low in both arms (⩽4.3%). 12 Whether similar results would be seen with interventions having greater side effects is unknown. Interestingly, we found men who reported taking any medications at baseline werẽ 30% more likely to undergo the 2-year biopsy. Although we do not have data on adherence to baseline pre-study medications, it is possible self-report of taking medications in itself suggests increased responsiveness to medical recommendations. Viewed alternatively, men taking no baseline medications were possibly less familiar with needing to follow medical advice leading to less compliance with the 2-year biopsy. If confirmed in future studies, this suggests that subjects taking no baseline medications may need closer attention and/or education to increase study compliance. In PCPT, biopsy compliance varied by study site. Larger sites, those receiving recruitment and adherence grants, and those with increased study form submission had 8-14% increased biopsy rates at year-7 (all P o 0.0001). 5 Similarly, we found that higher volume sites (410 subjects enrolled) had 42-48% increased compliance with the 2-year biopsy. However, PCPT did not include non-North American men, which is a strength of REDUCE. 12 Our analysis demonstrated a significant 42-44% increased likelihood of undergoing the 2-year biopsy in non-North American men. Although the exact reasons for this are unknown, we speculate this may result from cultural attitudes towards medical care, differences in perception of risks from prostate biopsy or sitespecific variations in how subjects are informed about the necessity of complying with study-mandated procedures. Regardless of the reason, our findings suggest that regional differences in study compliance are important considerations when designing future clinical trials.
Regional differences in study compliance have influenced the endpoints of recent randomized trials for prostate cancer. In a multi-national phase 3 trial comparing atrasentan to placebo for the treatment of non-metastatic hormone-resistant prostate cancer, large regional differences in treatment compliance were noted, with discontinuation rates twice as high in the US compared with non-US regions.
14 A more recent trial studying ipilimumab in metastatic castrate-resistant prostate cancer found that ipilimumab significantly improved survival in nonNorth American (HR = 0.79, 95% confidence interval = 0.66-0.96) but not North American men (HR = 0.99, 95% confidence interval = 0.69-1.42). 15 Whether or not these latter findings are due to compliance is unclear; however, given our data and the data from the atrasentan trial, it is reasonable to suggest that Center volume Figure 1 . Association between center volume and undergoing 2-year biopsy.
these differences in outcomes in the ipilimumab trial may relate to regional differences in compliance rather than regional variations in disease biology, though this remains speculative. Certainly, on the basis of the atrasentan trial, it is clear that regional differences in study compliance may affect study outcome. Given our findings that non-North American region was associated with 42-44% increased compliance with studymandated biopsy, future multi-national studies may benefit from including targeted measures to ensure increased compliance at North American sites. Another factor that predicted lower likelihood of undergoing the 2-year biopsy was missing data at baseline. Men missing data for even a single variable at baseline had a 32% decreased chance of undergoing the study-mandated 2-year biopsy. Missing data may result from multiple factors, including not reported by subjects (subject-driven), not properly recorded by the study site (site-driven) or a combination of both. Prior studies have indeed shown that increased subject engagement during studies is associated with increased compliance in clinical trials, highlighting the importance of subject-driven factors. 2, [16] [17] [18] [19] In addition, the analysis of PCPT showed that larger sites, those that received additional financial resources, and well-performing sites were all associated with compliance with the end-of-study biopsy, 5 highlighting the importance of site-specific factors. Regardless, our findings suggest that missing data are a red-flag that merits attention to avoid non-compliance.
Besides prostate biopsies, other invasive procedures, such as colonoscopy, are integral components of cancer screening and prevention trials. 20 However, few studies have examined factors influencing compliance with invasive procedures in clinical trials. In the Aspirin/Folate Polyp Prevention study, North American subjects were randomized to receive aspirin or folate, with a study-mandated colonoscopy within 34-40 months of enrollment. Compliance with study-mandated colonoscopy was 97%. 21 In a multi-national randomized trial examining celecoxib in colon polyp prevention, 89% and 79% of subjects had study-mandated colonoscopies at 1 and 3 years after randomization, respectively, though data were not separated by region. 22 In summary, noncompliance with colonoscopy in these trials ranged from 3 to 20%, compared with 22 to 45% in on-study prostate biopsy compliance for REDUCE and PCPT. The exact reason for these differences is unclear. One possible reason is that colonoscopy is routinely recommended for all older subjects (that is, is part of routine standard of care) and thus may be more acceptable to participants vs prostate biopsy, which is only performed for cause and may carry higher risks including sepsis leading to poorer compliance. In addition, the colon studies included both men and women and perhaps men are less compliant contributing to lower compliance in prostate biopsy studies.
One limitation of our study is the self-reported nature of many baseline characteristics. That being said, previous studies have demonstrated self-reported information to be 497% accurate when assessed clinically. 23 Other factors that were not analyzed that could influence biopsy compliance include socioeconomic status, barriers to health care (distance, costs and so on), cultural and religious characteristics related to delivery of health care. We also did not have data on patient satisfaction or complication rates with the initial pre-study biopsy, which may have influenced compliance with the subsequent 2-year biopsy. Although it would be informative to examine whether specific characteristics of high vs low enrollment sites could predict compliance, these data were unfortunately unavailable for analysis. In addition, given that we examined a large amount of characteristics, our results are subject to multiple comparisons and type 1 errors. To account for this, we used a Bonferroni correction to define the level of significance and noted that many associations remained significant.
Despite these limitations, a strength of our study is that we were able to examine baseline characteristics in a clinical trial setting and demonstrate associations with compliance to a studymandated prostate biopsy 2 years later. The only other study examining subject features predicting compliance with on-study prostate biopsy in a clinical trial examined factors at year-6 of the study influencing undergoing biopsy at year-7, rather than baseline characteristics. Thus, our study uniquely examined how characteristics of subjects identifiable at trial onset may influence future compliance with on-study procedures. In addition, our study is the first to demonstrate a significant regional difference in compliance with prostate biopsy in a multi-national phase 3 clinical trial.
In summary, men outside of North America were significantly more likely to undergo an on-study 2-year biopsy in REDUCE. Our findings suggest that regional differences can play a role in whether or not study participants comply with study-mandated invasive procedures such as prostate biopsy. In addition, missing data in even a single data field at baseline predicted decreased likelihood of undergoing a study-mandated biopsy. Finally, enrollment at a higher volume center correlated with improved compliance. Future clinical trials should consider these regional and other features including missing baseline data and enrollment at a low-volume center that predict non-compliance to identify study populations at risk of non-compliance and implement interventions to increase compliance.
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